The present work reports transition line parameters for Xe VIII, which are potentially important for astrophysics in view of recent observations of multiply ionized xenon in hot white dwarfs. The relativistic coupled-cluster method is employed here to calculate the E1, E2, and M 1 transition line parameters with high accuracy. The E1 oscillator strengths and probabilities of E2 and M 1 transitions are determined using theoretical amplitudes and experimental energy values. The calculated branching ratios and the lifetimes are supplemented to the transition parameters. Accurate presentation of these calculated data is crucial for density estimation in several stellar and inter-stellar media.
INTRODUCTION
Precise estimations of the ultraviolet lines of xenon ions are important for astronomy (Dimitrijević et al. 2015) . There have been a number of recent theoretical and experimental endeavors to characterize the allowed and forbidden transition lines of different Xe ions (Safronova et al. 2003; Glowacki & Migdalek 2009; Migdalek & Garmulewicz 2000 ; Ivanova 2011; Saloman 2004) . These lines can be used to diagnose densities and temperatures of various astronomical systems of interest. Recently, Dimitrijević and coauthor (Dimitrijević et al. 2015) have shown the importance of Stark broadening in spectral lines of Xe VIII in astronomical bodies, such as the extremely metal-poor halo PN H4-1 in primordial supernova (Otsuka & Tajitsu 2013) . Glowacki & Migdalek 2009; Biémont et al. 2007 ) have been used to estimate the electric dipole transitions of Xe VIII over the years, there are discrepancies in published data. As a consequence, there is a demand to have correlation exhaustive relativistic calculations for these transitions. It has been shown that accurate estimations of transition matrix elements of Xe ions can be used as indicators of accuracy in calculations of photoionization and electron scattering ( Müller et al. 2014) , and for plasma research. Experiments on electron-beam ion traps (EBIT) motivate many theoretical studies of allowed and forbidden transitions of Xe 7+ (Fahy et al. 2007) . Discrepancies between experimental measurements and theoretical calculations of photoionization spectra ( Müller et al. 2014) , which may be due to population of important metastable states motivate us to do precise calculations of allowed and forbidden radiative transitions of Xe VIII.
In this present work, a non-linear version of the relativistic coupled-cluster theory (RCC) based on the Dirac-Coulomb-Gaunt Hamiltonian, as discussed in our earlier papers (Dixit et al. 2007a; Dutta & Majumder 2016; Dutta et al. 2012) , is used to calculate the transition amplitudes accurately. The RCC approach is an all-order extension of the limited-order many-body perturbation theory ( Coester & Kummel 1960; Mukherjee et al. 1975; Sahoo et al. 2004; Dutta & Majumder 2016) . Also, compared to the well-known configuration interaction or multi-configuration technique (Szabo et al. 1996) , the presence of non-linear terms at a certain level of excitation makes RCC method more correlation exhaustive theoretically (Dutta & Majumder 2011; Dutta & Majumder 2016) .
In section 2, we will give a very brief picture of the theoretical tools used for the present calculations. In section 3, we will present and discuss our calculated results and compare them with other works. In section 4, we will conclude our work with estimation of accuracy of the present results.
THEORY
According to the single-valence open shell coupled-cluster theory (Lindgren & Morrison 1985; Lindgren & Mukherjee 1987; Haque & Mukherjee 1984; Dutta et al. 2012) , the correlated wave function for an atom or ion of N electrons, |Ψ v , is related with the reference state wave function |Φ v by the closed-shell cluster operator T and the open-shell cluster operator S v following the relation:
Here 'v' indicates the valence orbital occupied by a single electron. |Φ v is obtained by adding an electron (indicated by the creation operator a † v ) on top of the Dirac-Fock (DF) ground state |Φ 0 of the closed-shell system (in this work the closed shell system is the ground state of Xe IX). All the core (fully occupied with electrons) and virtual (completely unoccupied with electrons) orbitals with respect to the electronic configuration of this closed shell are generated at the DF level in the potential of N − 1 electrons following the Koopman's theorem (Szabo et al. 1996) . The operator T includes all the single and double excitations from the core orbitals. The operator S v includes also all the single and double excitations. However, in this operator a single excitation happens from the valence orbital 'v'. In a double excitation corresponding to S v , there is one excitation from the valence orbital and the other excitation from a core orbital (Roy et al. 2014) . In the present work, we limit our calculations to include single and double excitations. This is a good approximation for calculations of atomic properties using the RCC approach as discussed in Ref. (Dutta & Majumder 2016) . However, we also include a class of valence triple excitations in a peturbative way as mentioned in Ref. Dixit et al. 2007a ). The correlated single valence states generated by the coupled-cluster single, double and valence triple excitations are applied to calculate different electromagnetic transition properties of present interest (Dixit et al. 2007a; Dixit et al. 2007b ) .
The description of the oscillator strength (dimensionless) and transition probabilities (in s −1 ) for the electric dipole (E1), electric quadrupole (E2) and magnetic dipole (M 1) transitions are given elsewhere (Dutta & Majumder 2011; Roy et al. 2014; Dixit et al. 2007b ). The lifetime τ k→i of a transition can be calculated by considering all possible channels of emissions through E1, E2 and M 1 transitions from the state k to the state i,
Here A k→i represents the total transition probability (sum of the probabilities of the E1, E2, and M 1 transitions) for the transition from k to i. The branching ratio of any decay channel from a particular state depends on the decay probability of that channel compared to all the possible decay channels from that state to any lower energy state (i) and is defined as
RESULTS AND DISCUSSIONS
The DF orbitals are constructed here using the basis-set expansion technique (MOTECC-1990) . The radial part of each basis function is considered to have a Gaussian-type form (MOTECC-1990) . These Gaussian-type orbitals (GTOs) have two optimized parameters, α 0 and β, as exponents. In the present calculations, these parameters are considered universal, i.e., the same values of α 0 and β apply to all the DF orbitals. For Xe VIII, these optimized universal parameters are derived to be 0.00525 and 2.73, respectively. The optimization (Roy & Majumder 2015) has been done with respect to the DF orbital wavefunctions obtained from the GRASP92 code (Parpia et al. 2006) , which uses a precise numerical approach to solve the DF equations. Here 33, 30, 28, 25, 21 and 20 GTO bases are considered for the DF orbitals of the s, p, d, f , g and h symmetries, respectively. The number of active orbitals considered for the abovementioned symmetries are 14, 14, 15, 14, 12 and 10 (including all the bound orbitals) at the RCC level of calculations. These numbers of active orbitals for the different symmetries are chosen by observing a convergence of correlation contribution to the closed-shell energy with increasing number of these orbitals (Dixit et al. 2008) .
In Table 1 , we present ionization potentials (IPs) of the ground state and a few low-lying excited states in cm −1 . The maximum difference between our RCC calculations and the experimental results obtained from the National Institute of Standards and Technology (NIST) (Kramida et al. 2015) occurs in case of the 6s 1/2 state and is around 0.9%. For all the other states, the present IPs differ from the corresponding NIST values by less than around 0.3%. The fine-structure splittings (FSS) of the different terms as calculated by the RCC approach and their comparison with experimental data can be found also in Table 1 . Because of high ionization, one may expect a substantial contribution from relativistic effects, even at the electron-electron interaction level. Therefore, for precise estimation of transition amplitudes, we need to consider leading order relativistic correction properly at this level. Our RCC calculations can take care of this by considering the unretarded Breit or Gaunt interaction, which we reported in our earlier calculations (Dutta et al. 2012; Roy et al. 2014; Roy & Majumder 2015; Dutta & Majumder 2016) . Fig. 1 . highlights the Coulomb correlation contributions (with the Dirac-Coulomb Hamiltonian) and the Gaunt interaction effects (difference between the results obtained with the DiracCoulomb-Gaunt and the Dirac-Coulomb Hamiltonians) on the IPs. As expected (Dutta et al. 2012; Roy et al. 2014) , the correlation contributions to the spin-orbit multiplets of a particular symmetry are almost the same, whereas the Gaunt contributions deviate from this trend. The correlation contributions span between 0.5% to 3% through all the states and results are consistent with the values as calculated using the third-order relativistic many-body perturbation theory (RMBPT(3)) (Safronova et al. 2003) . The Gaunt effect increases the IP values for most of the states and varies between -0.06% to 0.05% . Table 2 shows the transition amplitudes and oscillator strengths of E1 transitions in both the length and velocity gauge forms (Johnson 2006; Grant 2007) . The oscillator strengths are calculated using the present RCC amplitudes and the experimental wavelengths from the NIST. The use of experimental wavelengths with respect to the corresponding RCC wavelengths eliminates any kind of theoretical uncertainty in our estimated values that can arise from the wavelengths or excitation energies. The E1 lines, presented in this table, fall in the ultraviolet region of the electromagnetic (EM) spectrum and are especially useful for space telescope based astronomy. There is a good agreement, indicating the accuracy of the calculations, between most of the results obtained from the length and velocity gauges apart from the 4f 5/2 → 5d 3/2,5/2 and 4f 7/2 → 5d 5/2 transitions. However, in these cases, the results from the length gauge are in good agreement with other accurate results as seen in Table 2 . This supports the previously observed (Grant 2007 ) better stability of a many-body calculation for a transition using the length gauge form compared to the velocity gauge form. Also, comparisons are made here for the other transitions with the available theoretical results in the literature (Safronova et al. 2003; Ivanova 2011; Migdalek & Garmulewicz 2000 ; Glowacki & Migdalek 2009; Biémont et al. 2007 ).
The present values show very good agreement with the RMBPT(3) values (Safronova et al. 2003) where wavefunctions are calculated by treating the correlation up to the second order in the perturbation theory (Blundell et al. 1987 ). Though our RCC method is an all-order extension of RMBPT(3) (Lindgren & Morrison 1985; Sahoo et al. 2004) , it is expected that calculations up to this second order can account for the dominant portion of the all-order correlation corrections to the wavefunctions for E1 amplitudes (Lindgren & Morrison 1985; Sahoo et al. 2004 ). Our results are in good agreement with the configuration interaction Dirac-Fock values for 5s 1/2 → 5p 1/2,3/2 transitions as calculated by Glowacki and Migdalek (Glowacki & Migdalek 2009 ). They did their calculations by using DF wavefunctions generated with integer occupancy (CIDF) and non-integer occupancy (CIDF(q)) of outermost core orbital to characterize the core-valence correlation (Glowacki & Migdalek 2009 ). They considered the most important configurations of single and double excitations as well as few triple excitations to a few low-lying states. However, our calculation is extended to a larger active orbital space and therefore, handles a larger amount of excited configurations. The valence triple excitations are implemented in our calculations through a perturbative treatment which is mentioned in the Section: 2. In the past, a large number of oscillator strengths for Xe VIII were calculated by including core polarization (CP) correction only as a correlation contributing factor. Migdalek and Garmulewicz (Migdalek & Garmulewicz 2000 ) calculated the oscillator strengths for a few transitions of Xe VIII using two different types of approach. In both these approaches, they used a polarization potential between the core and the valence electron of the type V P (r) = − 1 2 αr 2 (r 2 + r 2 0 ) −3 (Migdalek & Garmulewicz 2000 ) , where α is the dipole polarizability of the ionic core computed by Fraga et al. (Fraga et al. 1976 ) and r 0 is a cut-off radius, which has been taken as the mean radius of the outermost core orbitals calculated at the DF level. In their first approach, they used the core polarization augmented DF method, which they defined as DF+CP (Migdalek & Garmulewicz 2000 ) . However, in their second approach, which they defined as DX+CP, three different forms of local approximation for the valence-core exchange potential were used (Migdalek & Garmulewicz 2000 ) instead of the non-local exchange potential as used in the DF theory. These three forms employ semi-classical exchange, free-electron-gas approximation for exchange and classically approximated free-electron-gas exchange. They indicated these three forms of the model potentials by abbreviations SCE, HFEGE and CAFEGE, respectively (Migdalek & Garmulewicz 2000 ) . The calculations of Biémont et al. (Biémont et al. 2007 ) were performed using the relativistic Hartree-Fock theory with a core polarization correction (HFR+CP) using a semi-empirically fitted polarization potential with the same form as mentioned above. Compared to these kinds of treatments of the core polarization effect, the present RCC method is purely ab-initio in nature, and it calculates this effect in transition amplitudes using an all-order extension of the many-body perturbation theory (Lindgren & Morrison 1985; Sahoo et al. 2004 ) with a large number of active orbitals. In addition, we include a number of other correlation features including core correlation, pair correlations and other higher order effects (Dutta & Majumder 2016) . Nevertheless, our RCC results show good agreement with most of the core polarization augmented DF or HFR results for the 5s 1/2 → 5p 1/2,3/2 and 5p 1/2,3/2 → 5d 3/2,5/2 transitions. From our investigation, we have found that these transitions are strongly dominated by the core polarization effect. Therefore, this kind of agreement is expected. There is a small discrepancy in the RCC and DF+CP oscillator strength values for the 5p 3/2 → 5d 3/2 transition (Migdalek & Garmulewicz 2000 ) . However, the RCC oscillator strengths for the 5p 1/2 → 5d 3/2 and 5p 3/2 → 5d 5/2 transitions agree excellently with the corresponding DF+CP values. Here it should be mentioned that the allowed oscillator strengths in the transitions among the multiplets of 5p and 5d terms are expected to obey a certain ratio (Cowan 1982) . This is maintained well in the present RCC approach. Also, the HFR+CP value of the 5p 1/2 → 6s 1/2 transition (Biémont et al. 2007 ) differs by a relatively large amount with respect to all other theoretical results including the RCC value. Here we should mention that in spite of the fact that our IP value for the 6s 1/2 state differs by a relatively larger amount with respect to the corresponding NIST value, the E1 amplitudes associated with this state are good in agreement comparatively with the other accurate values. This may be due to an overall good quality of the 6s 1/2 state wavefuncion in the region where the transitions associated with this state are peaked.
In Table 3 , the E2 and M 1 transition amplitudes and probabilities are presented with the corresponding experimental transition wavelengths. Here also, both types of transition rates are calculated using the RCC amplitudes and the experimental transition wavelengths. Comparison of the length and velocity gauge form of E2 transitions is also shown in the table. The gauge matching is very good here, except the 4f 7/2 → 4f 5/2 transition. However, for this particular transition, the large gauge disagreement happens at the DF level of calculation. We have also seen this disagreement between the length and velocity gauge values at the DF level as obtained from the GRASP 92 Code (Parpia et al. 2006) . Therefore, this gauge discrepancy is not a demerit of our computational approach, but may be a consequence of a numerical problem in the velocity gauge calculations. As seen from this table, E2 transition rates (A E2 ) are the strongest for the transitions 5f 5/2 → 5p 1/2 , 5f 7/2 → 5p 3/2 , 5g 7/2 → 5d 3/2 , 5g 9/2 → 5d 5/2 , 5d 5/2 → 5s 1/2 and 5d 3/2 → 5s 1/2 . These UV forbidden emission lines have transition probabilities of the order of 10 6 s −1 , which is around two order less than the average probability of allowed transitions. The fine structure transitions have a stronger M 1 transition probability compared to the corresponding E2 transition probability. The multi-configuration Dirac Fock (MCDF) or multi-configuration Dirac Hartree Fock (MCDHF) values of the M 1 transition probability for the 4f 7/2 → 4f 5/2 transition, as calculated by Grumer et al. (Grumer et al. 2014 ) and Ding et al. (Ding et al. 2012) in two separate works, are seen to agree excellently with the present result.
In Table 4 , the branching ratios (Γ RCC ) are calculated using Eq. (3). Here we compare our data with the available theoretical results of (Ivanova 2011) . Due to the negligible contributions from the E2 and M 1 transitions compared to the E1 transition to the decay rates, we use probabilities of E1 transitions (in length gauge) to calculate Γ RCC approximately. The other available theoretical results were calculated using a relativistic perturbation theory with a zero-approximation model potential (RPTMP) (Ivanova 2011) . The discrepancies between the results obtained from the RPTMP method (Γ RPTMP ) and the RCC theory are discussed in the next paragraph.
In Table 5 , we compare the present lifetimes for few transitions of Xe VIII with the experimental results as well as few theoretical values. Biémont et al. calculated these lifetimes using the HFR+CP and MCDF methods (Biémont et al. 2007) . They also mesaured these lifetimes using beam-foil spectroscopy (BFS) (Biémont et al. 2007 ). Except the 5d 3/2 → 5p 1/2 transition, the RPTMP lifetimes as calculated by Ivanova are seen to poorly agree with the corresponding the-oretical results. This may be a consequence of the poor accuracy of her wavefunctions for some states due to numerical difficulties as pointed by her (Ivanova 2011) . Here it is to be noted that the RPTMP lifetime for 5d 5/2 → 5p 3/2 transition agrees excellently with the BFS measurement. However, as mentioned in the work of Biémont et al. (Biémont et al. 2007 ), the disagreement between their calculated theoretical lifetimes and the BFS measurement for this transition may be due to experimental difficulty. Therefore, this excellent agreement of the RPTMP lifetime seems to be fortuitous. Nevertheless, the poor accuracy of the RPTMP wavefunctions is reflected also in the RPTMP wavelengths for the 4f 5/2,7/2 → 5d 3/2,5/2 transitions (See Table 3 of (Ivanova 2011)). Values of these wavelengths are one order higher than the corresponding NIST and RCC wavelengths. Due to such type of difference in performance of the RCC and RPTMP theories, Γ RPTMP values differ significantly from the corresponding Γ RCC results in a few cases in Table 4 .
CONCLUSION
We have presented the amplitudes and oscillator strengths of allowed UV transitions in length and velocity gauges for the ion Xe VIII using a highly correlated relativistic many-body approach. In addition, the amplitudes and probabilities of E2 transitions in both the gauges and M 1 transitions in the length gauge for this ion have been estimated using the same approach. The good agreement of our calculated ionization potential energies with the experimental measurements and the small differences between the length and velocity gauge values for most of the transition amplitudes indicate a high accuracy of our calculations. The merit of the present oscillator strengths are compared in detail with respect to the other theoretical values. The present branching ratios are highly accurate compared to the earlier results. A detailed comparison with other high-quality calculations indicates that our oscillator-strength values for the E1 transitions have uncertainties of about 5% on average. Similarly, the average gauge discrepancy for all the E2 transition probabilities (except 4f 7/2 → 4f 5/2 transition) is around 8% and this may be considered as the uncertainty in the probability values. The spectroscopic data of the present work will be useful for the studies of different astrophysical systems including low density hot plasma. To the best of our knowledge, almost all the forbidden transition probabilities are reported here for the first time in the literature.
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